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Top quark physics has been a rich testing ground for the standard model since the top quark 
Cn ■ discovery in 1995. The large mass of top quark suggests that it could play a special role 

in searches for new phenomena. In this paper I provide an overview of recent top quark 
1^ , production cross section measurements from both CDF and DO collaborations and also some 

flj ' new physics searches done in the top quark sector. 
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r~| \ 1 Introduction 

^vq \ Top quarks are produced in pair via the strong interactions or singly via the electroweak inter- 

^ ' actions at hadron colliders. The top quark pair production gives a larger yield - and provides 

more discrimination against backgrounds compared to the single top quark production. This 

0^ 
is the main reason why the former was firs t dis covered in 1995 * and only after 14 years the 

■^ I later was observed at the Tevatron Colliderl^l^. Due to the large mass of the top quark, many 

t~^ ■ models of physics beyond the standard model (BSM) predict observable effects in the top quark 

^ . production rate. Measurements of top quark production cross section serve as tests of possible 

new physics processes and can place stringent limits on these models. In the standard model 

(SM), top quarks decay almost 100% of the time to a, W boson and a bottom quark. The 

- signature of top quark events is therefore defined by the decay products of the W boson. For 

rS \ ti events, if two W bosons decay leptonically and there are two leptons in the final state, it is 

C^ ' defined as the "dilepton" channel of the ti production. Similarly, the "all-hadronic" channel is 

defined when both W bosons decay hadronically and the "lepton+jets" channel is defined when 

one W boson decays leptonically and the other decays hadronically. The all-hadronic channel 

has the largest branching ratio (BR) however also the lowest signal-to-background (S:B) ratio 

due to high multijets background. The dilepton channel has the highest S:B ratio however the 

signal statistics is limited by the lowest BR. Thus the most precise measurements on the top 

quark pair production rates are obtained in the lepton+jets channel. In the case of single top 

quark production, the cross section measurement is also done using the lepton+jets channel. 

2 Top Quark Pair Production 

2.1 Lepton+jets channel 

In this channel, the ti events are identified using the decay of one W boson to quarks and the 
other to a lepton and a neutrino. Each event is required to have a single high-pT electron or 
muon (for taus, only leptonically decaying taus are considered) and at least three reconstructed 
jets. To suppress the background processes, at least one identified 6-jet is required using the 



lifetime-based 6-tagging algorithm'^. The dominant background is the VF+jet production and 
other backgrounds are Z+jet, diboson (T^H^, WZ, ZZ), single top quark and multijet processes. 
The inclusive tt production cross section is measured by fitting the tt cross section to data 
using a binned maximum likelihood. The likelihood is formed from the data, the ti cross section 
and the predicted background for that cross section. The "6-tagging" method utilizes the event 
distributions after 6-jet identification to calculate the likelihood while the "kinematics" method 
constructs a multivariant discriminant to distinguish tt signal from background and later uses the 
discriminant function to obtain the likelihood. The kinematics method exploits the kinematic 
differences between the signal and background before 6-jet indentification and is therefore not 
sensitive to the large systematic uncertainty induced from the 6-tagging. Using the 6-tagging 
method with 4.3 fb~^ data, CDF experiment measures a^^ = 7.22 it 0.35 (stat) it 0.56 (syst) ± 

0.44 (lumi) ph'^. Figure [1] (left) shows the the predicted number of events for each background 
process, along with the number of expected ti events at the measured cross section compared to 
data. DO experiment's 6-tagging and kinematics measurements of tt cross section are described 
in detail in Ref.l^. DO also uses a third method which is a combination of the first two methods: 
construct a multivariant discriminant (RF) for channels dominated by backgrounds, otherwise 
use 6-tagging method. The combination takes advantage of the two methods and yields a more 
precise measurement of u^^ = 7.78 lo!64 (stat -|- syst -|- lumi) ph'^ using 5.3 fb~^ of integrated 
luminosity for a top quark mass of 172.5 GeV. The discriminant output distributions using the 
combination method for one channel (as an example) is shown in Fig. [T] (right). To reduce the 
large luminosity uncertainty on the ti cross section, CDF measures the ti to Z/j* — ?> // ratio in 
the same corresponding data sample and determine the ti cross section by multiplying the ratio 
by the theoretical ti to Z/j* — ?> // cross section given by the SM. The small uncertainties on 
the theoretical and measured ti to Z/j* -^ II cross sections are propagated to the final ti cross 
section measurement. CDF uses a best linear unbiased estimate (BLUE) 1^ method to combine 
the 6-tagging measurement and kinematics measurement and finds a.r = 7.70 ± 0.52 \)\y^ for 
Mt = 172.5 GeV. 
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Figure 1: Left: Number of data and predicted background events as a function of jet multiplicity, 
with the number of ti t events at the measured cross section events normalized to the measured 
cross section. The hashed lines represent the uncertainty on the predicted number of events. 
Right: Output of the RF discriminant for events with three jets and one 6-tagged jet for data, 
backgrounds and ti signal normalized to the measured cross section. 



2.2 Dilepton channel 

In this channel, we require two high-p^^ leptons, high missing transverse energy {^t) and at least 
two jets in the final state. It is independent and orthogonal to the lepton-l-jets channel and is the 
only channel which has a favorable S:B ratio. Two dominant backgrounds are Z/'j* -^ ee/ua 
with fake ^t and VF-|-jets with fake leptons. They are modeled using the data-driven method^^. 



After event selection, the final sample contains a high concentration of it events, which allows us 
to perform a direct extraction of tt cross section by cr^r = ^.''a-c'^ • ^obs is the observed number 
of dilepton candidate events, Ni,kg is the total background and Ai and Ci are the corrected 
acceptance and integrated luminosity for analysis channel i. CDF measures the ti cross section 
using 5.1 fb^^ of data for a top mass of 172.5 GeV. The measurement is done before and after 
applying the 6-tagging requirement and the results are a^^ = 7.40 ± 0.58 (stat) ± 0.63 (syst) ± 
0.45 (lumi) pb and a^^ = 7.25 ± 0.66 (stat) ± 0.47 (syst) ± 0.44 (lumi) pb correspondinglytl^]. 

2.3 Tau+jets channel 

Top quark is the heaviest quark and tau is the heaviest lepton, any non-SM mass- or flavor- 
dependent couplings could change the top quark decay rate into final states with taus. Therefore 
it is of interest to measure a{pp -^ tt + X) ■ BR(tt ^ r + jets) (denoted by "o"^f- BRr^+j") and 
compare to the SM prediction. DO performs the measurement using semi-hadronic tau decays 
(Th) since secondary electrons and muons from tau leptonic decays are difficult to distinguish 
from primary electrons and muons from W decays. The measurement also provides complemen- 
tary information regarding tt production cross section compared to the more precise lepton -|-jets 
measurements. We select events to have at least four reconstructed jets and at least one one 
Tfi candidate. In addition, each event must have at least one 6-jet using the 6-tagging algo- 
rithmic. The main physics backgrounds are the VF-|-jets and Z-|-jets contribution and the main 
instrumental background is the multijet production. We use a neural network (NNst) event dis- 
criminant to separate signal from background and then fit the entire NNgi^ output distribution 
to data to extract the numbers of signal and background events. The measured a^^ ■ BRt^+j 
value is 0.60 toU (stat) toil (syst) ±0.04 (lumi) pb for Mt = 170 GevH^, which is consistent 
with the SM predicted value. We repeat the fit while fixing the tt BRs to their SM values and 
obtain the tt production cross section cr^r = 6.9't{^ pb^^ for a top quark mass of 170 GeV. 

2.4 New Physics Searches: 4 generation quark t' 

tt production measurements are also useful when searching for new physics, e.g. the 4*^^ gen- 
eration quark t' search. CDF performs two types of searches for pair production of t' using ti 
event topology. One analysis is to search for t' decaying via t' — >■ t + X, where X is the dark 
matter particle and manifests itself as an excess of missing transverse energy in the detector. 
The analysis is done in the lepton +jets channel with an additional requirement of large ^t- 
Another kinematic variable besides ^t which is sensitive to the signal and background discrim- 
ination is the transverse mass of the leptonically decaying W [mTy/). The signal cross section 
is extracted by fitting templates of the signal and background shapes in mTy/ to the observed 
number of data events taking into account statistical and systematics uncertainties. We obtain 
the expected and observed upper limits on the signal using a Frequentist approach^L^ done in 
the two-dimensional (2D) plane of (m^, mx), where m,^ is the mass of the fourth generation 
quark, and mx is the mass of the dark matter particle. The observed limits are consistent with 
what the SM predictions. The final 2D limit is shown in Fig. [2] (left) using 4.8 fb^^ of data. 

Another search for t' is performed in the Wb final state assuming t' — )• W+b. We assume that 
t' is produced strongly and has the same couplings as the three generations of the SM quarks. 
We use a similar event selection and background modeling as in the ti lepton +jets channel 
measurements. The dominant backgrounds are top pair production and VF+jet production. 
The new quark is heavier than the top quark and the decay products are more energetic. This 
effect can be observed in the total transverse energy variable {Ht^^- It also decays in the same 
chain and allows us to reconstruct its mass in a similar way as in the top mass measurements. We 
reconstruct the mass of the t' quark [Mreco) and perform a two-dimensional fit of the observed 



(HTjMreco) distribution to discriminate the new physics signal from Standard Model processes. 
We form a binned likelihood as a function of t't cross section and use a Bayesian approach^^to 
set an upper limit. We generate pseudo-experiments assuming no t' signal and use that to gauge 
the sensitivity of the analysis. Fig. [2] (right) shows the ranges of the expected and observed 
upper limits at 95% C.L compared to the theoretical calculations. With 5.6 fb^^ of data, CDF 
excludes the hypothetical 4 generation quark t' with mass below 358 GeV at 95% C.L. for 
Mt = 172.5 GeV. 
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Figure 2: Left: Observed and expected exclusion area as a function of {m'j,, nix)- Right: 
Observed upper limit at 95% C.L. on the t' production rate as a function of t' mass (red curve). 
The purple curve is a theoretical cross section. The blue band represents ±1 standard deviation 
expected limit (the light blue band corresponds to ±2 standard deviation). 



3 Single Top Quark Production 



Single top quarks are produced via the decay of a time-like virtual W boson accompanied 
by a bottom quark in the s-channel (denoted by "tb") or via the exchange of a space-like 
virtual W boson between a light quark and a bo ttom quark in the t-channel (denoted by "tqb" ) 
process. Previous DO and CDF publications'^'^ measured the total single top quark production 
cross section assuming the SM predicted ratio between the individual channel's cross sections. 
However several BSM models predict different values of this ratio compared to the SM. Therefore 
it is of interest to remove this assumption and measure s— channel and i— channel production 
cross section independently. _________ 

DO extends its previous analysed ' ^^ ' and performs a new measurement on the t-channel 
production rate using a larger dataset of 5.4 fb~^ and improved techniques'^. We require events 
to have exactly one isolated high-pT electron or muon, a large E^ and two to four reconstructed 

A — 

jets (one or two of the jets are identified as 6— jets ^). The main backgrounds are VF-l-jets, tt and 
multijet production. The largest uncertainties come from the jet energy resolution (JER), cor- 
rections to the 5-tagging efficiency, and the corrections for the jet-fiavor composition in T^-|-jets 
events, with smaller contribution from jet energy scale (JES), MC statistics, integrated luminos- 
ity, and trigger uncertainties. The total systematic uncertainty on the background is 11%. We 
construct multivariant discriminants to improve discrimination between signal and background. 
We use three methods to train these discriminants: boosted decision trees (BDT), Bayesian 
neural networks (BNN) and neuroevolution of augmented topologies (NEAT). We later combine 
these methods using an additional BNN algorithm that takes to produces a single combined 



output discriminant (BNNConib), which further improves the sensitivity and the precision of 
the cross section measurement. Each method is optimized to maximize the sensitivity to the 
t— channel signal by treating the s— channel process as a background component with normal- 
ization given by the SM cross section 1^^. Figure [3] shows comparisons between the t-channel 
signal, the background model, and data for the combined discriminant. 
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Figure 3: Comparison of the signal and background models to data for the combined t-channel 
discriminant for (a) the entire discriminant range and (b) the signal region. The bins have 
been ordered by their expected S:B. The single top quark contributions are normalized to the 
measured cross sections. The t-channel contribution is visible above the hatched bands that 
show the uncertainty on the background prediction. 

The s ingle top quark production cross section is measured using a Bayesian approach as 
^p U4 | lo | 4 | -yy-g fgi^Q-^ ii^Q approach of'^'^ and construct a two-dimensional (2D) posterior prob- 
ability density as a function of the cross sections for the s- and t-channel processes. A binned 
likelihood is formed using the output discriminants for the signals, backgrounds, and data, taking 
into account all systematic uncertainties and their correlations. We assume a Poisson distribu- 
tion for the observed number of data events and nonnegative uniform prior probabilities for the 
two cross sections without any assumption on their ratio. The t-channel cross section is then 
extracted from a one-dimensional posterior probability density obtained from this 2D posterior 
by integrating over the s-channel axis, thus not making any assumptions about the value of the 
s-channel cross section. Similarly, the s-channel cross section is obtained by integrating over 
the t-channel axis. We generate ensembles of pseudo-experiments to validate the cross section 
extraction procedure. Figure H] shows the 2D posterior probability density for t he comb ined 
discriminant together with predictions from the SM ^ and various BSM scenarios^ ^ ^ I 

We measure a{pp -^ tqb + X) = 2.90 ± 0.59 pb and a{pp ^th + X) = 0.98 ± 0.63 pb which 
are in good agreement with the SM predictions for a top quark mass of 172.5 GeV"^^. The 
significance of the t-channel cross section measurement is computed following a log-likelihood 
ratio approachl^^^ and is found to be 5.5 standard deviation (SD) using an asymptotic Gaussian 
approximation'^. The measured cross section depends on the assumed mass of the top quark 
{Mt). The dependence is studied by repeating the analysis on MC samples generated at different 
values of Mf. Table [U summarizes the measured cross sections for different top quark masses. 



Acknowledgments 

I thank the DO and CDF collaborations and Fermilab staffs for producing such nice results on 
top quark physics. I also would like to thank the conference organizers for hosting a wonderful 
conference with a broad and exciting physics program. I acknowledge support from DOE (USA). 



a. 



o 

0) 

m 

m 
m 
o 

t^ 
o 

"33 

c 
c 

CO 




[1]PRD 74: 114012, 2006 
[2]EPJC49:791,2007 
[3] PRD 63: 014018, 2001 
[4]PRL99: 191802,2007 



o 

D 



Four generations 

[3] 

Top-flavor 
FCNC'"' 



Table 1: Measured single top quark pro- 
duction cross sections for different top quark 
masses. 

Mt 170 GeV 
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Figure 4: Posterior probability density for t- 
channel vs s-channel single top quark produc- 
tion in contours of equal probability density. 
The measured cross section and various theo- 
retical predictions are also shown. 



tqb 
tb 



2.80 
1.31 



+U.bV 

0.61 

+0.77 

-0.74 



172.5 GeV 
ho.by 

-0.59 

+0.62 

0.63 



2.90 
0.98 



175 GeV 

hU.b8 
-0.57 
h0.51 
-0.50 



2.53: 
0.65" 



References 



1. S. Moch and P. Uwer, Phys. Rev. D 78, 034003 (2008). At rrit = 172.5 GeV, a{pp -^ tt + 
X) = 7.46 pb. 

2. F. Abe et al. (CDF Collaboration), Phys. Rev. Lett. 74, 2626 (1995). 

3. S. Abachi et al. (DO Collaboration), Phys. Rev. Lett. 74, 2632 (1995). 

4. V. M. Abazov et al. (DO Collaboration), Phys. Rev. Lett. 103, 092001 (2009). 

5. T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett. 103, 092002 (2009). 

6. V. M. Abazov et al. (DO Collaboration), Nucl. Listrum. Methods Phys. Res. A 620, 490 
(2010); T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D 71, 052003 (2005). 

7. T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett. 105, 012001 (2010). 

8. V. M. Abazov et al. (DO Collaboration), arXiv:1101.0124 

9. L. Lyons, D. Gibaut, and P. Clifford, Nucl. lustrum. Methods A 270, 110 (1988); 

10. T. Aaltonen et al. (CDF Collaboration), CDF Conference Note 10163. 

11. V. M. Abazov et al. (DO Collaboration), Phys. Rev. D 82, 071102(R) (2010). 

12. T. Aaltonen et al. (CDF Collaboration), CDF Conference Note 10374. 

13. T. Aaltonen et al. (CDF Collaboration), CDF Conference Note 10395. 

14. V. M. Abazov et al. (DO Collaboration), Phys. Rev. Lett. 98, 181802 (2007). 

15. V. M. Abazov et al. (DO Collaboration), Phys. Rev. D 78, 012005 (2008). 

16. V. M. Abazov et al. (DO Collaboration), Phys. Lett. B 682, 363 (2010). 

17. V. M. Abazov et al. (DO Collaboration), arXiv:1105.2788l 

18. N. Kidonakis, Phys. Rev. D 74, 114012 (2006). The cross sections for the single top quark 
processes {mt = 172.5 GeV) are 1.04 it 0.04 pb (s-channel) and 2.26 it 0.12 pb (i-channel). 

19. J. Alwah et a/., Eur. Phys. J. C 49, 791 (2007). 

20. T. Tait and C.-P. Yuan, Phys. Rev. D 63, 014018 (2001). 

21. V. M. Abazov et al. (DO Collaboration), Phys. Rev. Lett. 99, 191802 (2007). 

22. G. Cowan, K. Cranmer, E. Gross and O. Vitells, Eur. Phys. J. C 71, 1554 (2011). 



